Abstract-The phase evolution of optical waves in a waveguide structure has been studied with a heterodyne interferometric photon scanning tunneling microscope. Both phase and amplitude of the local optical field are measured with subwavelength resolution. Topographical maps of the waveguide surface are obtained simultaneously with the optical information. Unexpected phase patterns, with phase jumps and phase singularities, have been observed. The phase patterns can be fully understood by taking into account the total field that is the sum of the optical fields of the various modes. We show that with the unique spatial phase information, the relative field profiles and wave vectors of all the excited modes in a multimodal waveguide structure can be determined independently.
I. INTRODUCTION

P
HASARS [1] , [2] and multimode interference (MMI)-based devices [3] , [4] play a key role in wavelength division multiplexing (WDM) telecommunication networks. Phasars are important components within wavelength-selective switches, such as optical crossconnects and add-drop multiplexers, multiwavelength receivers, and lasers. MMIs are important components within integrated optical circuits requiring power splitters, such as ring lasers, Mach-Zehnder interferometers, couplers, and optical switches [4] .
Today the measurement of intensity distributions of optical fields in integrated optical structures with a photon scanning tunneling microscope (PSTM) is relatively routine and very useful for a comprehensive understanding of the propagation of light inside these structures [5] - [12] . These nondestructive investigations show the power of exploiting the subwavelength resolution of near-field optical microscopy for the local characterization of advanced photonic structures.
For lightwave devices that are by definition multimode, like MMIs, a map of the local intensity distribution is not sufficient to unravel and characterize the interplay between all the modes involved. This is a simple consequence of the fact that intensity maps will only reveal differences in wavelength and mode profile of the various interacting modes. Measurement of the local optical phase inside such structures would give important detailed information. For all photonic structures based on inter-ference, like phasars, MMIs, microcavities, and photonic crystals, determining the phase evolution of light inside the structure is crucial. In the case of microcavities [9] , [10] and photonic crystals [6] - [8] , the optical amplitude of the light inside the structures has been measured as a function of position (lateral resolution 50 nm) with a PSTM [9] , [10] , but the direct measurement of the phase is yet lacking. A number of theoretical papers have presented algebraic formulas that describe the phase of the output channels of phasars [1] and MMIs [13] . The phase of the output channels of MMI splitters [3] and semiconductor laser arrays [4] has recently been confirmed experimentally, using a shearing-type ring interferometer. Nevertheless, a method to measure not only the phase of the output channels but also the phase evolution of the light inside these structures with subwavelength resolution is still missing.
Interferometry is generally used to measure optical phase. A pseudoheterodyne interferometric scheme using a piezoelectric fiber modulator [15] has been used in both a transmission [16] - [19] and a reflection [17] near-field scanning optical microscope (NSOM), and a PSTM [19] to measure the phase. Phase contrast imaging has been demonstrated both in transmission [16] and in reflection NSOM [17] . The amplitude and phase evolution of both the light emitted by an optical fiber [18] , [19] and the evanescent wave on top of a prism [19] have been measured. A drawback of the use of a piezoelectric fiber modulator in these experiments is the need to correct for hysteresis and nonlinearity [16] - [19] .
In this paper, we report the measurement of the amplitude and the phase evolution of the light inside integrated photonic structures. Acoustooptic (AO) modulation of the light in the reference beam of a heterodyne interferometric PSTM has been used. We present both the instrumental details of a heterodyne interferometric PSTM and a detailed experimental analysis of measured phase maps of integrated waveguide structures. With this novel technique, both the optical phase and amplitude are determined with subwavelength resolution. Through a Fourier analysis of the combined amplitude and phase information, all the relevant information of the waveguide modes can be determined: wave vector (and, thus, the effective refractive index), mode profile, relative excitation strength, relative phase, and the difference in propagation direction of leaky and guided modes. The determination does not require any a priori assumptions so that the experiments can be directly confronted with theoretical models.
II. EXPERIMENTAL
In general, the phase of light or changes thereof are determined with an interferometer. In a Mach-Zehnder interferometer, a light beam is separated into two parts, which are al-0733-8724/01$10.00 ©2001 IEEE Fig. 1 . The principle of photon tunneling with a PSTM. A tapered optical fiber probe perturbs the evanescent field at the air-waveguide interface when it is brought in the near-field of this interface. This results in the propagation of the light in the fiber, which is subsequently detected. lowed to propagate separately before being recombined, interfering constructively or destructively depending on the relative phase. Usually, one branch (reference) is kept untouched while a variation in optical path length is induced in the other branch (signal). In a conventional Mach-Zehnder interferometer, the fringes are the result of averaging over the entire beam profile. The phase accuracy is given by the accuracy with which the optical path length difference between the two branches can be determined. 1 To determine the phase evolution inside an integrated photonic structure, we need to circumvent the averaging over the beam profile. Moreover, averaging along the propagation direction will render the technique useless. The light in the photonic structure, therefore, has to be picked up with a subwavelength-sized probe. This is routinely done with aPSTM.
The process of photon tunneling is illustrated in Fig. 1 . Linearly polarized light is coupled into an integrated waveguide structure and propagates through the structure. The evanescent field above the structure, with a decay length of typically 10-50 nm, is picked up by a fiber probe with subwavelength dimension, while the probe is raster scanned over the surface [12] . The perturbation of the evanescent field by the probe results in a propagating mode in the fiber. The light in the fiber can subsequently be detected. The fiber probe is kept at a constant distance above the waveguide surface during scanning. To this end, a height feedback system is implemented based on shear force detection with a tuning fork [20] . The topography of the waveguide surface is simultaneously mapped while the optical field is probed.
To measure the local phase evolution of the optical field inside a waveguide structure, the PSTM and the waveguide sample are integrated in one branch of a Mach-Zehnder-type interferometric setup, as shown in Fig. 2 . The beam of a 632.8-nm HeNe laser is split in two. One part is coupled into the waveguide of bosons N and their phase , 1N 1 1 1, does not produce any significant uncertainty in the phase. In all the experiments described in this paper, the classical limit (large N ) applies. The two signals are brought together in a coupler, in which the fixed phase of the reference branch is compared with the phase of the optical field in the waveguide, while the fiber probe is scanned over the waveguide surface. The heterodyne technique is applied, using acoustooptic shift of the optical frequency of the reference beam by 40 kHz, to detect the photon-tunneling signal. The resulting interference signal is detected and measured with a lock-in amplifier to obtain both the amplitude and the phase of the local photon tunneling signal. structure and picked up by the fiber probe: the signal branch. The other part forms the reference branch. The photon-tunneling signal and the reference signal recombine in a 50/50 fiber coupler and the interference signal is detected with a photomultiplier tube (PMT). The optical frequency on the reference beam is shifted with the difference frequency of 40 kHz between two AO modulators to allow heterodyne interferometric detection of the photon-tunneling signal. The AO modulator does not suffer the nonlinearity of a piezoelectric fiber modulator [21] . The electrical field in the signal branch is directly proportional to the local electric field at the position of the PSTM probe. The two interfering signal (S) and reference (R) beams can be represented as (1) and (2) where the first expression represents the electrical field in the signal branch and the second the electrical field in the reference branch. Here, and are the real amplitudes of the optical field of the signal and the reference branch, respectively. is the relative phase of the optical field in the waveguide. Note that both the amplitude and the phase of the measured optical field in the waveguide are a function of the position . is the frequency of the HeNe laser (632.8 nm). and are the driver frequencies of the AO modulators (80.04 and 80.00 MHz, respectively). and are the phases acquired by the optical path length in the signal and reference branch, respectively. and can therefore contain contributions arising from environmentally induced drift. The detected signal of the PMT is proportional to the squared sum of the fields. This signal is detected with a dual-output lock-in amplifier (LIA) at the difference frequency of the AO modulators. The optical amplitude and cosine of the optical phase-both position-dependent-are then independently extracted with some mathematics (3) and (4) where is the photon-tunneling signal, is the cosine of the sum of the relative phase in the waveguide and the phase shift , and and are the two outputs of the LIA. The detected is directly proportional to the position-dependent amplitude of the optical field inside the photonic structure at the position . The heterodyne mixing allows signal enhancement with a factor . The optical powers in the signal and reference branch are typically 1 pW-10 nW and 1 W-100 W, respectively, typically leading to an enhancement factor of 10-10 . Moreover, heterodyne mixing allows an enhancement of the dynamic range due to the detection of the amplitude instead of the intensity of the optical field. Recently, Hillenbrand et al. [22] have applied a heterodyne interferometric reflection NSOM based on AO modulation to measure the complex dielectric response of a sample.
All phase measurements have been performed on an Si N planar channel waveguide fabricated in an Si N SiO layer system on an Si substrate [23] . The experimentally determined slab thickness, width, and height of the structure are 110(5) nm, 2.86(9) m, and 4.2(3) nm, respectively. The effective index and the field profiles of the allowed modes of the channel waveguide for 632.8-nm wavelength have been calculated by applying an effective index method [24] , [25] . Three guided modes can be excited in the waveguide channel: two guided transverse electric (TE) modes and one guided transverse magnetic (TM) mode. The calculated effective index, the corresponding wavelength, and the width 2 of the field profile of the three guided modes are 1.61(3), 394(8) nm, and 2.14(4) m, respectively, for the Te mode; 1.60(3), 395(8) nm, and 1.34(3) m, respectively, for the TE mode; and 1.47(3), 431(9) nm, and 2.93(6) m, respectively, for the TM mode. Moreover, a number of leaky modes can be excited: 14 leaky TE modes and 13 leaky TM modes. The calculated effective index and corresponding wavelength for the TM leaky mode are 1.46(3) and 433(9) nm, respectively.
III. RESULTS AND DISCUSSION
A measurement of the (4) of a mode propagating through an Si N planar channel waveguide is shown in Fig. 3(A) . Clearly, the ability of the heterodyne interferometric PSTM to determine the optical phase as a function of position is demonstrated. Linearly polarized light with a wavelength of 632.8 nm has been coupled into the waveguide such that both TE-and TM-polarized modes are excited. The fiber probe has been repeatedly scanned in the center of the waveguide along one line in the propagation direction. Indeed, the phase development of the modes is visualized, where the period of the cosine corresponds roughly with the wavelength of the modes around 400 nm. Both the phase of the optical field in the waveguide and the phase drift are simultaneously measured with the interferometric PSTM (4). Thus, it is essential to minimize the phase drift. The drift in the interferometric PSTM is caused by random temperature fluctuations, air currents, or local acoustic noise. For example, a temperature difference of only 1 C changes the optical path length of 1 m of a single-mode fiber such that the phase goes through 23 cycles [26] . The setup has been enclosed in a Perspex box to minimize the drift during the measurement. We have measured the signal along one line as function of the time [ Fig. 3(A) ] to check the phase drift in the interferometric PSTM. The straight vertical pattern shown in Fig. 3(A) shows the low amount of environmentally induced drift in the experimental setup. To quantify the drift, we calculated for each horizontal line the accumulated phase of the TM mode using a Fourier transform. The accumulated phase as a function of time is shown in Fig. 3(B) . The measurement clearly shows that the accumulated phase during the scan resulting from drift [ Fig. 3(B) ] is small, resulting in a phase drift of less than 0.50(5) /s. The drift has been checked for every measurement presented in this paper by scanning the fiber probe fast in both lateral directions in two sequential scans. The minimal differences between two sequential scans revealed that the effect of drift is negligible for the scan time used in our experiments.
To study the development of the phase, linearly polarized light with a wavelength of 632.8 nm has been coupled into a waveguide such that only the TM-, only the TE-, or both TMand TE-polarized modes are excited. TM and TM-TE measurements are presented in Figs Fig. 6(A) and (B) , respectively. The Fourier transform of the measured signal for the excitation of only TE-polarized light is shown in Fig. 6(C) .
For the case of purely TM-polarized modes, both the image [ Fig. 4(B) ] and the image [ Fig. 4(C) ] show the Gaussian-like field profile of the TM mode, with a width of the field profile of 2.53(6) m. As expected, this measured value corresponds well with the width obtained by taking the square root of the measured intensity distribution found with the noninterferometric PSTM, 2.58(6) m. The value found is slightly smaller than the calculated width of 2.93(6) m [24] . The image [ Fig. 4(B) ] and the image [ Fig. 4(D) ] show the wave fronts of the plane wave with a well-defined wavelength. The clearly resolved wavefronts immediately show that the lateral resolution for the phase determination along the propagation direction [ ; see Fig. 1 ] is subwavelength. A Fourier analysis (shown in Fig. 6 ) directly yields the wavelength of the light of 416(10) and 379(9) nm in the waveguide and thus the effective index of refraction of 1.52(4) and 1.67(4) associated with the TM and TE mode, respectively. Within the experimental accuracy, these values correspond well to the calculated wavelength of 431 (9) and 394(8) nm and effective index of refraction of 1.47(3) and 1.61(3) for the TM and TE modes, respectively. The geometrical variation of the channel waveguide, due to the limited accuracy of the fabrication process, has been included in the errors of the calculations.
In the calculation, each mode is represented by a field profile and wave vector. A Gaussian fit of the experimentally determined mode profile of the TM guided mode (width of 2.58 m) is shown in Fig. 4(E) . This Gaussian fit of the TM guided mode has been used further in the calculation to describe the overall measured phase pattern and field distribution of Fig. 4(B)-(D) . The overall calculation phase pattern and field distribution [ Fig. 4(F) -(H)] correspond well with the experimental results [ Fig. 4(B)-(D) ].
The width of the field profile of the TE mode has also been determined with the interferometric PSTM and is 1.93(1) m. This width compares well to the width of the field profile of the TE mode using the noninterferometric PSTM of 1.92(2) m. Both values are slightly smaller than the calculated width of 2.14(4) m [24] .
The measurements of the development of the phase for the simultaneous excitation of both TE-and TM-polarized modes are shown in Fig. 5 . A clear beating pattern in the image [ Fig. 5(B) ] and the image [ Fig. 5(C) ] is observed as a function of position along the propagation direction [21] . The beating is caused by the interference of the copropagating modes with identical optical frequencies and different wavelengths. It is observed that the beating pattern is not fully mirror symmetric with respect to the propagation direction, indicating that also higher order, nonmirror symmetric modes play a role in the observed interference pattern. The observed pattern is the result of beating among three guided modes: TE , TE , and TM . The main beating feature (beat length 4.3(1) m) is attributed to interference of the TE and TM modes. Normally, these modes would not be able to interfere due to their perpendicular polarization. However, the simultaneous detection of TE-and TM-polarized light with a PSTM and the subsequent coupling in the detection fiber leads to a quasi-interference of the mutually perpendicular fields [11] .
The optical phase on the whole, shown in the measured map [ Fig. 5(B) ] and the map [ Fig. 5(D) ] for the excitation of both TM-and TE-polarized modes, corresponds to that of plane waves propagating along the waveguide. However, phase singularities are observed at the positions where the amplitude vanishes [see Fig. 5(B) ] due to the interference. In effect, the vanishing amplitude results in an undefined phase [21] . The fact that the shape of the phase singularity is clearly resolved shows the subwavelength resolution in the direction perpendicular to the propagation direction ( direction). A Fourier transform of the measured signal along the dashed line in Fig. 5 (B) shows two peaks [ Fig. 6(B) ] corresponding to the wavelengths of the TM and TE modes. Note that to "spectrally" separate the contributions of the TE and the TE mode, a much larger measurement length (120 m) would be required, due to the small difference in wavelength (calculated wavelengths of 394(8) and 395(8) nm, respectively). The asymmetry of the mode beat pattern [ Fig. 5(C) ], however, proves the existence of an excited TE mode.
The complex mode interference pattern can be fully reproduced by calculations. The TE , TE , and TM modes have been taken into account in the calculation [ Fig. 5(E)-(H) ]. The relative amplitude between the TM and TE modes has been determined experimentally using the Fourier transform of the measured map [ Fig. 6(B) ]. The ratio of the calculated wave vectors has been used for the calculation of the interference, because the wave vector of the TE mode could not be distinguished experimentally, as demonstrated previously. The amplitude of the TE mode has been varied relative to the other two modes. All three modes have been added together to obtain the amplitude of the measured interference pattern [ Fig. 5(G) ]. An asymmetric mode-beat pattern is observed in the calculated amplitude map [ Fig. 5(G) ], which is almost identical to the measured mode-beat pattern [ Fig. 5(C) ]. The relative phase of the modes has been varied in order to find a shape of the calculated phase singularities that corresponds to the measured singularities, resulting in a phase difference of 160 and 6 between the TM -TE and TM -TE mode, respectively. Excellent agreement between the calculated map [ Fig. 5(F) ] and the map [ Fig. 5(H) ] was obtained [21] . The observed noise in the measured map [ Fig. 5(D) ] at the two positions on the right side is caused by the vanishing of the amplitude at these positions. Moreover, new phase singularities are observed.
We have shown that the overall measured phase pattern and optical field distribution in Fig. 4(B) -(D) can be explained with only the TM guided mode. Furthermore, we have shown that the observed phase singularities in the image of Fig. 5 (B) are due to the interference of the TE , TE , and TM modes. However, some small details have remained unclear. The arrow in the image of Fig. 4(D) indicates abrupt phase jumps The origin of the phase singularities is schematically illustrated in Fig. 7 . The optical field of a mode in the propagation direction is represented with a sine function, and the period of the sine corresponds with the wavelength of the mode. At the top and bottom of Fig. 7 , TE and TM modes with equal amplitudes are shown, respectively. The sum of the two sine functions is shown in the center of the Fig. 7 . The mode beat due to the interference of the TE and TM modes can be observed. At the position where the phase of the two modes is opposite, the summed amplitude vanishes. Drawing the wavefronts by connecting the maxima of the three functions together results in a position along the propagation direction where the phase is undefined and a phase singularity appears.
Several shapes of the phase singularities are observed in Fig. 5(D) . We attribute the different shapes to a different phase relation between signal and reference at each singularity [27] . By varying the phase in the reference branch, we expect that the phase fronts propagate and the phase singularities remain on their position. As a result, the shape of the singularities would change. This process can be simulated using the measured phase map. By adding an additional phase shift to the measured phase and calculating the new , the shape of the phase singularities can be investigated. The measured map of Fig. 5(D) with a fixed phase of the reference beam of 0 is shown in Fig. 8(A) . The constructed maps with an additional phase shift in the reference beam of 90 , 180 , and 270 are shown in Fig. 8(B)-(D) , respectively. The phase singularities remain on their position while the wavefronts propagate from the bottom to the top of the images, going from Fig. 8(A) to (D) , as expected. It is immediately clear that the shapes of the phase singularities change as the phase in the reference branch is varied. The shape of the phase singularities is dependent not only on the amplitude and the phase of the optical field of the various interfering modes but also on the phase in the reference branch. Obviously the shapes of the phase singularities have to change, while the phase in the reference branch is varied, to fulfill the other two conditions: the phase fronts have to propagate while the phase singularities remain on their positions.
The conventional PSTM yields the intensity profile of the mode in a monomodal waveguide structure but can never discriminate the individual profiles of simultaneously excited modes in a multimodal waveguide structure. The measured intensity profile is the square of a summation of the amplitude profiles of the various modes. The phase measurements with the interferometric PSTM do allow all the underlying mode profiles to be determined. The field profile of a mode is obtained by determining the amplitude of the peak in the Fourier spectrum of the measured , corresponding to that mode, as a function of the direction perpendicular to the propagation direction. The line profile of the along the dashed line in Fig. 5(B) is shown in Fig. 9(A) . In the Fourier spectrum, the spectral peak of the TM and the combined spectral peak of the TE and TE mode are observed [ Fig. 9(B) ]. By monitoring the peak heights for all lines parallel to the dashed line [ Fig. 5(C) ], we obtain independently the measured field profile of the TM mode and the summed field profile of both the TE and TE modes [ Fig. 9(C) ]. These constructed field profiles correspond well with the field profiles [ Fig. 9(D) ] used to calculate the measurements depicted in Fig. 5 . The crossing of the field profile of the TM mode and the summed field profile of both the TE and TE modes are indicated with circles in Fig. 9(D) . The position of the circles indicates the exact coordinate of the calculated phase singularities in Fig. 5(H) . Note that Fig. 9 (C) and (D) depicts the amplitude of the mode profile. Of course, the actual electric field in the summed TE and TE modes undergoes a phase shift of 180 when the point of zero amplitude is crossed (at 3.78 and 3.44 m for the measured and calculated profiles, respectively).
The measured amplitude and phase maps with unexpected phase patterns are fully understood with a model, based on the summation of the optical fields of the various excited modes. This leads to the conclusion that all the information of the modes excited in a more complex photonic structure (the wave vector, the relative mode profiles, their relative phase, and the difference in propagation direction between the modes) can be obtained with a multiparameter fitting procedure.
IV. CONCLUSION
The phase evolution in a simple waveguide structure has been studied with a heterodyne interferometric PSTM. The measured phase evolution with the observed phase singularities and phase jumps can fully be explained with a model, which describes the mode interference due to the copropagation of modes as a summation of the optical fields of the different modes. Each mode is represented by a field profile of the mode and wave vector. The unique phase information allows one to determine the relative field profiles and the wave vectors of all the excited modes, as well as the phase and the difference in propagation direction between the modes in a multimodal waveguide structure. The length of the scan in the propagation direction, however, has to be sufficiently long to distinguish wave vectors that are close to each other. Furthermore, the heterodyne mixing yields enhancement of signal and dynamic range. This heterodyne interferometric method will give detailed information on the operation of many (novel) photonic structures: phasars [1] , [2] , MMIs [3] , [4] , microcavities [9] , [10] , photonic crystals [6] - [8] , etc., in which the phase of light is crucial.
